The aim of the present study was to compare assessments of sperm concentration and sperm motility analysed by conventional semen analysis with those obtained by computer-assisted semen analysis (CASA) (Copenhagen Rigshospitalet Image House Sperm Motility Analysis System (CRISMAS) 4.6 software) using semen samples from 166 young Danish men. The CRISMAS software identifies sperm concentration and classifies spermatozoa into three motility categories. To enable comparison of the two methods, the four motility stages obtained by conventional semen analysis were, based on their velocity classifications, divided into three stages, comparable to the three CRISMAS motility categories: rapidly progressive (A), slowly progressive (B) and non-progressive (C1D). Differences between the two methods were large for all investigated parameters (P,0.001). CRISMAS overestimated sperm concentration and the proportion of rapidly progressive spermatozoa and, consequently, underestimated the percentages of slowly progressive and non-progressive spermatozoa, compared to the conventional method. To investigate whether results drifted according to time of semen analysis, results were pooled into quarters according to date of semen analysis. CRISMAS motility results appeared more stable over time compared to the conventional analysis; however, neither method showed any trends. Apparently, CRISMAS CASA results and results from the conventional method were not comparable with respect to sperm concentration and motility analysis. This needs to be accounted for in clinics using this software and in studies of determinants of these semen characteristics.
INTRODUCTION
In the research field of reproductive epidemiology, sperm concentration and sperm motility are often used as predictors of reproductive capability, since these semen parameters appear to be associated to couple fecundability. 1 In epidemiological semen quality studies, it is essential to include as many participants as possible during a short data collection period in order to gain enough power to enable investigation of the specific hypothesis. Hence, a quick and reproducible method of semen analysis is preferable. The method for conventional semen analysis is a somewhat subjective and time-consuming technique, but by following World Health Organization (WHO) recommendations on conventional semen analysis, results may be comparable worldwide. 2 Computer-assisted semen analysis (CASA), on the other hand, is a more objective and timesaving counterpart to the conventional method, since it is based on automated recordings of the semen sample. But how well do these two different methods complement each other?
According to a workshop on clinical CASA in 1995, it was reported that CASA generally tends to overestimate total sperm counts and underestimate proportion of motile spermatozoa at very low sperm concentrations. Additionally, CASA appears to generally underestimate total counts at high sperm concentrations (.100310 6 cells ml 21 ) and overestimate the proportion of motile spermatozoa. 3 Currently there is a wide range of different CASA software systems available; thus, in order to utilize their useful properties, it is essential to survey the performance of the different systems compared to the conventional semen analysis method.
Aside from a study performed by Larsen et al., 4 indicating that Copenhagen Rigshospitalet Image House Sperm Motility Analysis System (CRISMAS) parameters can be used as predictors for male fertility, no comparisons between conventional semen analysis and CASA using the CRISMAS software have, to our knowledge, been published. The aim of the present study was to compare semen analysis results obtained from 166 men, using the CRISMAS Version 4.6 CASA software with results from the conventional semen analysis.
MATERIALS AND METHODS

Recruitment of participants
In 2008-2009, 176 young men were recruited to a clinical examination that included a semen analysis. Participants were sons of a cohort of 965 pregnant women enrolled in a study in Aarhus, Denmark, in 1988 Denmark, in -1989 . 5 All 468 sons in the cohort were asked to fill out an Internet-based questionnaire regarding health and lifestyle habits in 2007. Additionally, they were asked whether they approved to be contacted at a later point concerning a clinical examination. One hundred and fifteen declined further contact and thus 353 sons were contacted by letter in 2008-2009 with an invitation to participate. A total of 176 participated in the clinical examinations conducted from February 2008 till September 2009. Based on the initial study population, this corresponded to a participation rate of 37.6%. The mean (s.d.) age of the participants was 20.0 (0.4) years.
Data were missing for 10 men for the following reasons: unable to deliver a semen sample (n52), CRISMAS CASA not performed (n57) and conventional semen analysis not performed (n51). Consequently, data from 166 men were available for this study. The study was approved by the ethical committee, and all participants signed an informed consent prior to the clinical examination. Semen samples were collected into plastic containers by masturbation at the sons' residence or in privacy in a room at the hospital. In order to maintain a sample temperature close to body temperature, the sample container was kept close to the body during transport to the hospital. Semen samples were stored in a heating chamber (37 uC) until semen analysis, which was initiated within 1 h of collection for more than 85% of the samples. All analyses were initiated within 2 h of sample collection.
Conventional semen analysis
Semen samples were analysed by conventional semen analysis for sperm concentration, total sperm count and sperm motility by two trained medical laboratory technologists, who participated in the European Society of Human Reproduction and Embryology external quality-control program. 6 One medical laboratory technologist analysed semen samples in the first part of the study and the other succeeded in October 2008, with a small overlap between the two. Semen analysis was performed according to the Nordic Association for Andrology Manual on Basic Semen Analysis, 7 and WHO 1999 guidelines. 8 Sperm concentration was assessed in duplicates using the improved Neubauer counting chamber and a phasecontrast microscope. Sperm motility was assessed in 6 ml semen added to a 37 uC preheated slide and investigated on a stage warmer at a fixed temperature (37 uC). Spermatozoa were classified into four motility categories by counting the proportion of rapidly progressive (.25 mm s 21 ) (A), slowly progressive (5-25 mm s 21 ) (B), non-progressive motile (,5 mm s 21 ) (C) and immotile spermatozoa (D) for 23100 spermatozoa. This procedure was repeated twice per semen sample and thus, a total of 400 cells were assessed for motility per semen sample.
CASA
Immediately subsequent to the conventional sperm motility analysis, semen samples were analysed by CASA, using CRISMAS clinical software version 4.6 (Image House Medical, IHMedical A/S, Copenhagen, Denmark). Three microlitres of semen sample were transferred to a 37 uC preheated Micro Cell counting chamber (Conception Technologies, San Diego, CA, USA), a field representing the sample was chosen as starting point and three to five recordings of the semen material were performed at different sites of the counting chamber. By tracking spermatozoa on audio video interleave recording as previously described by Larsen et al. 4 
Definition of comparable motility groups
Since the CRISMAS software classifies all spermatozoa with velocities below 5 mm s 21 as 'immotile', instead of dividing spermatozoa separately into non-progressive motile and immotile spermatozoa, we created three motility groups for method comparison who, based on the manuals for conventional and CRISMAS CASA analysis, are comparable. Motility stages C and D from the conventional semen analysis were pooled and compared to the equivalent immotile spermatozoa from the CRISMAS output (,5 mm s 21 ). This motility stage is denoted non-progressive spermatozoa. Motility stage B was compared to CRISMAS local motile and denoted slowly progressive spermatozoa (5-25 mm s 21 ), and motility stage A was compared to CRISMAS motile spermatozoa and labelled rapidly progressive spermatozoa (.25 mm s 21 ) 4 (Poul Gade-Nielsen, Image House Medical A/S, personal communication).
Statistical methods
Visual inspection of quantile-quantile plots indicated that paired differences were fairly normally distributed. Hence, Bland-Altman plots were used to inspect agreements between the conventional and CRISMAS CASA method. Wilcoxon signed-rank test was used to test whether medians obtained by CRISMAS equalled medians obtained by the conventional method. Large one-way ANOVA was performed in order to produce interclass correlation coefficients (ICC) between the two methods for all four parameters. Method differences between medians at each of the seven quarters covering the data collection period were tested by Wilcoxon signed-rank test.
In order to assess possible time drift in the results for each method, linear regression analysis was used to test whether trend lines for the quarter medians were significantly different from zero and overall association was evaluated in order to test whether any quarters were considerably different from the remaining. Since residuals for sperm concentration data did not follow the normal distribution, sperm concentration data were cubic-root transformed. Differences between quarters were evaluated by testing whether the first quarter (reference group) differed from subsequent quarters using linear regression analysis. All statistical analyses were performed using Stata 11.1 software (Stata Corporation, College Station, TX, USA), and a two-tailed probability level of P,0.05 was considered statistically significant. Table 1 , standard deviations for the four semen parameters (sperm concentration, rapidly progressive, slowly progressive and non-progressive spermatozoa) obtained by the two methods were not markedly different, but medians differed substantially (P,0.001 for all four parameters). The median conventional sperm concentration and rapidly progressive spermatozoon estimates were 14% and 75% lower than the corresponding CRISMAS medians, whereas CRISMAS median estimates for slowly progressive and non-progressive spermatozoa were 51% and 15% lower than the medians obtained from the conventional analysis, respectively. Hence, CRISMAS overestimated sperm concentration and percentage of rapidly progressive spermatozoa compared to
RESULTS
As shown in
When rapidly progressive and slowly progressive spermatozoa were pooled as 'motile' for both methods and compared, differences between the methods were still large (P,0.001).
The ICC for sperm concentration assessments was high (0.92), whereas there was no correlation between the methods' assessments of both rapidly progressive and slowly progressive spermatozoa (ICC50), and low correlation (ICC50.54) between conventional and CRISMAS non-progressive sperm assessments.
According to the Bland-Altman plots, depicting differences between the methods as a function of means (Figure 1) , differences between the two methods increased with increasing sperm concentration, whereas motility differences were evenly scattered between the limits of agreement. The average of the differences (mean difference) between the two methods' assessments of rapidly progressive spermatozoa (conventionally assessed minus CRISMAS) was 228%, corresponding to an overestimation of the proportion of progressive spermatozoa by CRISMAS, whereas for the slowly progressive spermatozoa, the mean difference was 22%, corresponding to an underestimation by CRISMAS compared to the conventional method.
In agreement with Mortimer et al., 3 100% (10/10) CRISMAS total counts exceeded the corresponding conventional analysis results at low conventional sperm concentrations (,5310 6 cells ml 21 ). For 54% (13/24) of the samples with a sperm concentration above 100310 6 ml 21 , CRISMAS total counts were lower than the conventional total counts. If rapidly progressive and slowly progressive spermatozoa were pooled as 'motile', CRISMAS underestimated the proportion of motile spermatozoa at low conventional sperm concentration for 90% (9/10) of the samples and for 69% (114/166) of the total amount of semen samples; CRISMAS overestimated the percentage of motile spermatozoa.
In order to test whether semen parameter medians changed substantially according to time of semen analysis, semen sample data were pooled into quarters of the years 2008 and 2009 according to date of semen analysis (Figure 2) . Differences between the two methods' sperm concentration assessments were large in the third quarter (P,0.001), whereas for the rapidly progressive and the slowly progressive sperm assessments, medians in quarters 3-7 all differed substantially (quarters 3-6: P,0.001, quarter 7 P50.012). Non-progressive spermatozoon medians differed in the third (P50.015), fourth (P,0.001) and seventh (P50.012) quarters.
For the conventionally assessed rapidly progressive and slowly progressive spermatozoa, we found that quarters three (P50.003), four (P50.034), six (P50.005) and seven (P50.004), and quarters three (P50.002) and six (P50.026), respectively, differed substantially from the first quarter of semen analysis. For the remaining parameters there were no indications of time drift and no trends for any of the semen parameters ( Figure 2) .
A subanalysis restricted to those with sperm concentrations below 40310 6 cells ml 21 (n590) was performed. There was no difference between medians of the non-progressive spermatozoa (P50.73), nor were there any difference between the two methods if the rapidly and slowly progressive spermatozoa were pooled and compared (P50.73). Otherwise, results were similar to those of the original analysis performed on the full dataset.
DISCUSSION
The two methods were surprisingly not comparable in any of the four investigated semen parameters. Although estimates of sperm concentration obtained by the conventional method compared with those obtained by CRISMAS produced a high ICC (0.92), medians differed substantially (P,0.001). Similar results were reported in a study comparing Hamilton-Thorn HTM-S 2030 software with the conventional analysis, which concluded that the methods were apparently not comparable. 10 In a study by Larsen et al., 4 using CRISMAS version 1.0 along with the conventional method, the median difference between the two methods was less than 5% in all concentration ranges. In the current study, differences between the median sperm concentrations were larger (14%). However, both studies agree that CRISMAS sperm concentration results were generally slightly higher than those obtained by the conventional method. 4 Whether differences between these two studies could be due to different use of CRISMAS software versions (1.0 versus 4.6) cannot be excluded. Additionally, differences could of course be due to the subjectivity of the conventional analysis.
According to Table 1 , the largest discrepancy between the two methods was observed for assessments of the rapidly progressive spermatozoa, clearly indicating a disagreement in the criteria for assessment of this motility stage. According to a study by Cooper 
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and Yeung, 11 it is difficult for even highly experienced technicians to maintain a steady, objective concept of sperm velocity. 11 Hence, the observed differences could be attributable to subjective bias caused by misclassification of rapidly progressive spermatozoa as slowly progressive spermatozoa. This would indeed explain the observed difference between medians of slowly progressive spermatozoa. According to Björndahl et al., 12 standardized practical training courses in conventional semen analysis result in substantial improvements in the agreements between participants' values and the reference values, and are therefore central for conventional examination efficiency. 12 The medical laboratory technologists did both attend semen analysis training at the European Society of Human Reproduction and Embryology reference laboratory in Stockholm, Sweden, and continuously participated in external semen analysis quality control. Hence, a systematic bias in the conventional assessment of distinguishing rapidly progressive spermatozoa from slowly progressive spermatozoa is improbable, however, not excludable.
The new WHO guidelines on semen analysis stress that estimates of percentage motility obtained by CASA may be unreliable, since debris might be confused with immotile spermatozoa.
2 CRISMAS appeared to underestimate the percentage of motile spermatozoa at low sperm concentrations, which according to Mortimer et al. 3 could skew motility proportions towards less motile spermatozoa; however, in this study, the proportion of non-progressive spermatozoa was overestimated by the conventional method compared to CRISMAS. Thus, the issue of CASA confusing debris with immotile spermatozoa does not appear to affect the overall motility distributions in this study. 3 Furthermore, according to the new WHO guidelines, CASA sperm motility is advised to be assessed only on samples with sperm concentrations between 2310 6 cells ml 21 and 50310 6 cells ml 21 , to avoid errors induced by high frequency collisions. This recommendation was not specified in the WHO 1999 guidelines; therefore, the computer-assisted analysis was performed on undiluted samples in the current study. 2, 8 Consequently, if CRISMAS does not perform adequately at concentrations below 2310 6 cells ml 21 and above 50310 6 cells ml 21 , this might contribute to the explanation why the methods' motility assessments are almost incomparable.
Only for the conventional method, quarter medians differed substantially from reference quarter one for rapidly and slowly progressive spermatozoon assessments.
The motility assessment variation observed for the conventional method is likely to be partly attributable to the change of medical laboratory technologist we experienced in the fourth quarter of 2008, since CRISMAS results did not appear to be affected by the change. Unfortunately, we were not able to evaluate on intra-observer variability, since the medical laboratory technologists did not re-analyse any of the same samples. Additionally, Figure 2 illustrates 
A Vested et al 456 that the conventional method probably is more susceptible to drift than the computer-assisted method because of the subjective aspect of the conventional method. The regression analysis results should, however, be considered with caution since most samples were analysed between July 2008 and July 2009 and hence some quarters only included few samples.
There are strengths and limitations to both methods, but the fact that the WHO guidelines, if obeyed and trained properly, enable conventional semen analysis comparisons worldwide, is a major advantage compared to the different CASA softwares, whose algorithms are often not obvious and thus complicated to compare. However, the rapidity and objectivity of the CASA softwares is a non-negligible property, which would be desirable to include in the conventional method. Since both methods may be associated with error, and we do not know the 'true' value, these results are difficult to interpret. The present data suggest that the main difference between the two methods was their classification of progressive spermatozoa, and that results of sperm concentration and motility obtained by conventional and computer-assisted semen analysis using CRISMAS clinical software version 4.6 are not directly comparable. According to Bonde et al., 1 a sperm concentration below 40310 6 cells ml 21 is considered suboptimal. In order to prevent men from being wrongly diagnosed with poor semen quality, it is particularly important to be able to measure the range between 0 and 40310 6 cells ml 21 as accurately as possible. We speculated whether the two methods were more exchangeable in this low concentration range. If so, CRISMAS could potentially substitute for the conventional method in the clinic and thus save time and manpower. In the subanalysis, we tested how well the two methods compared in the clinically important range of suboptimal sperm concentrations (0-40310 6 cells ml 21 ). When pooling the rapidly progressive and slowly progressive spermatozoa as 'motile', it appears that the two methods are interchangeable in making a crude overview of the percentage of motile and non-progressive spermatozoa at sperm concentrations below 40310 6 cells ml 21 . This should be taken into account in further epidemiological semen quality studies and in clinics using the software for motility analysis.
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